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Abstract
In the present research, the general aim is to understand further the potential effect of the
surface shape and geometrical specification of rectangular parallel fins developed on the
surface on the heat transfer coefficient, bubble formation, and fouling of the nanoparticles. To
achieve this, the boiling thermal performance of the copper oxide nano-suspension (NS) was
quantified on the modified surfaces with different geometrical specifications, including the
width and height of the fins and space between fins. Results showed that the designed fins
reduce the rate of the fouling of the nanoparticles on the boiling surface such that the best
thermal performance was achieved for the surface modified with the fins with more towering
height and smaller width. Also, the fouling thermal resistance was found to follow an
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asymptotic behaviour while developing three regions of inception, growth, and equilibrium.
During the inception of fouling, negative values were measured for the fouling thermal
resistance, which was attributed to the enhancement in the specific surface area and thermal
performance of the system. Overall, the presence of the fins improved the thermal performance
of the system in comparison with the plain surface.

Keywords
Pool boiling; finned surface; bubble formation; nano-suspensions; thermal resistance.

1. Introduction
Heat transfer enhancement in thermal engineering systems operating in domestic and industrial
sectors is a crucial study area which requires a deep understanding of the mechanisms involved
in the process of heating and/or cooling [1-3], thermo-physical properties of the heat transfer
fluid and thermo-hydraulic characteristics of the system [4, 5]. Operation of the system in the
two-phase regime brings immense and tangible thermal engineering benefits (e.g. in power
cycles) [6] including but not limited to:
•

High local agitation and mixing which affect the heat and mass transfer mechanisms;

•

Significant heat and mass transfer coefficient due to the renewal of the thermal and
fluid dynamic boundary layers [7-9];

•

High heat transfer rate due to the condensation, evaporation, and nucleate boiling heat
transfer [10, 11].

The above-mentioned advantages are the main drivers for further investigation on thermal
engineering systems operating at two-phase flow [12, 13]. This operating regime is the
dominant mechanism of heat transfer in most of high heat flux thermal systems in the industry,
such as boilers, heat pumps, air conditioning systems, nuclear reactors, and recently
microelectronic cooling [14-18]. Pool boiling is one of the intense heat transfer mechanisms
which generates a uniform region of bubble formation on a hot surface immersed in the bulk
of the liquid. Over a series of studies, it has been demonstrated that the thermal performance
of the pool boiling strongly depends on the wall, and liquid physical properties, the bubble
contact angle, and surface roughness [19, 20]. These parameters not only affect the heat transfer
2

coefficient (HTC) but also changes the thermal performance of the system by influencing the
bubble formation rate [21, 22].
Studying the bubble formation and its mechanism, including growth, departure, and bubble
dynamics, has revealed that the thermal performance of a boiling system is strongly determined
by the properties and effects of the bubbles on the boiling micro-layer very close to the surface
[23-25]. For example, Kang et al. [26] conducted a series of boiling tests on a bundle of
horizontal tubes and noticed that increasing the roughness has no remarkable effect on the HTC
value of the system. This was attributed to the occurrence of a micro-scale phenomenon such
as “bubble coalescence”. However, they found that the arrangement of the tubes in the vertical
position increased the HTC value of the system. Goel et al. [27] implemented a laser system to
evaluate the effect of the surface roughness on the bubble departure diameter on a stainless
steel surface. They observed that the average departure diameter decreases by increasing the
average value of the surface roughness. Kim et al. [28] found that locating superheated liquid
among microstructures of the surface can promote the average size of the generated bubbles
from the micro-fabricated structure. Sarker et al. [29] developed an advanced model for bubble
growth in which the surface properties were defined as the critical parameters in the model. It
was also identified that the microlayer thickness is a strong function of roughness and
wettability parameters. Sadaghiani et al. [30] performed some tests to discover the role of the
surface morphology on the bubble formation in a stream of flow boiling. It was found that the
average rate of pitch size to the diameter of the circular holes on the surface shown with (P/D)
=10, provides the optimum rate of bubble formation and bubble coalescence.
Tran et al. [31] experimentally measured the boiling heat transfer characteristics of HFE-7200
dielectric liquid on a rough and smooth surface. The samples were organized by aluminum
with a roughness (Ra) value of 0.45 µm to 9 µm. The results showed almost 139% heat flux
augmentation for a horizontal surface with the more significant roughness in comparison with
the smooth one. El-Genk and Suszko [32] studied various copper made surfaces with Ra value
of 0.039 µm to 1.79 µm at a different surface inclination (from 0ᵒ to 180ᵒ). It was found that the
HTC value was found to be increased by 150%, while critical heat flux (CHF) was increased
by 37%. Arenales et al. [33] evaluated water pool boiling through horizontal Cu tubes with
diverse roughness of 0.032 µm to 0.544 µm. Results indicated that the HTC value of the rough
surface was 1.5 times larger than that of measured for the smooth surface. The same results
have also been demonstrated in another research for the airfoils [34]. Apart from the heat
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transfer application, more realistic applications of nanofluids in mass transfer [35, 36] and
thermal engineering systems have also been demonstrated [37, 38].
In light of the above, surface characteristic seems to be a key factor and a controlling step to
the thermal performance of the system. While presence of the fins can intensify the heat transfer
rate from the surface due to the increase in the surface exposed to the bulk of the liquid, such
extended surfaces can limit the rate of bubble formation on the surface, thereby introducing a
new trade-off behaviour between the area available for the heat transfer and bubble formation
mechanism. When it comes to the particulate fouling of the nano-suspension (NS), the
mechanism of nucleate boiling becomes more complex as the interaction between the bubbles,
particles, and surface will be affected and contribution of each parameter is unknown. Since
such systems are not studied very well in the literature, the mechanism and also the trade-off
trend have not been understood well. We are aiming at conducting a research in which an NS
is exposed to extend the surface, which provides a uniform heat flux up to the critical heat flux
point at which the heat transfer coefficient drops significantly.
In the present work, using computerized numerical control machining, the surface with
different geometrical parameters, including various heights, width, and distance between fins,
are produced. The BHTC and FTR parameters are simultaneously measured and discussed.
Using these parameters, together with the bubble formation, will be utilized to understand the
trade-off trend. The effects of applied heat flux, sub-cooling temperature, the mass fraction of
the NS, and geometrical specifications on the performance of the system are experimentally
investigated.

2. Methodology
2.1.Experimental rig
In Figure 1, the schematic illustration of the test rig used in the present research is shown. The
system includes 1) A stainless steel boiling container including a high heat flux (HF) rod heater
with a uniform surface with known roughness, a Pyrex sight glass for filming the bubble
formation, a refrigerant-based condenser and an auxiliary heater for providing thermal energy
to elevate the temperature to the saturation point; 2) A copper-made rod with length of 10 cm,
dual-diameter with D1=10 mm and D2=25 mm equipped with a cartridge heater placed inside
the centre of the rod for generating a uniform HF and to transfer the heat from a 400-watt
cartridge heater to the boiling surface through axial heat transfer and then to the bulk of the
4

liquid. In fact, the heart of the system is the copper rod heater on its horizontal surface; the
boiling phenomena occur. The detailed information of the rod heater can be found in Fig. 3; 3)
The measurement systems including five k-type thermocouples (diameter of 2.0 mm and length
of 10 mm for the axial measurement of the temperature in the rod heater, four resistance
thermometers (RTD) for measuring the bulk temperature, a voltage and a current measurement
device (all in one multi-meter) to quantify the HF to the boiling surface, a high-speed camera
(Exilim Casio EX-F1, 1200 frame per second, 30 images per second in burst mode) for imaging
the bubbles, and a pressure transducer to measure the vapor pressure inside the container; 4)
An autotransformer to maintain the power required for the cartridge heater located inside the
rod heater; 5) A data logging system with 1 kHz frequency to continually measure the data
collected from thermocouples, multi-meter and pressure sensor. The bulk temperature of the
liquid (nano-suspension) was measured with the resistance temperature detectors (RTD)
thermometers installed at two different locations in the vessel of the boiling test. The arithmetic
average of the temperature readings from the RTDs was considered as the bulk temperature of
the liquid (Tb).

Figure 1. Schematic diagram of the test rig used for the boiling experiments.

5

2.2.Experimental procedure
To run the experiments, data were collected twice, once after a steady-state condition, and then
over 1000 minutes of continuous experiments. 1000 minutes of operation is a standard timing
for fouling studies, which has previously been chosen by many investigators to evaluate the
transient behaviour of the thermal systems. To conduct the experiments, the main tank was
loaded with the test NS, while the auxiliary heater was brought into service to elevate the bulk
temperature of the container to the saturation temperature. Once reached 95% of the saturation
temperature, the power was supplied to the cartridge heater in the rod to initiate the boiling
phenomena. From this point onward, the measurement was initiated. It is worth mentioning
that before recording any data, the system was allowed to reach a steady-state condition. Then,
the measurement of the temperature, voltage, and current together with the bulk temperature
was carried out. Then, the applied voltage was increased to a higher value to increase the heat
flux. To conduct the experiments in the transient experiments, while applying a constant HF to
the system, the data logger was programmed to measure all the information every five minutes
up to 1000 minutes of the continuous operation. The level of the liquid was monitored
continuously to ensure that a sufficient quantity of liquid is available in the boiling container.
The boiling surface was photographed using IDP 500x to evaluate the effect of the
sedimentation on the surface, while continuous imaging was carried out to record the bubble
formation over the boiling surface.

2.3.

Data reduction

To calculate the transient and steady-state HTC value, it is necessary to obtain the surface
temperature of the boiling rod. By installing a series of thermocouples in the axial direction
from the bottom towards the boiling surface, a temperature profile was created for the
temperature on the copper rod. Then, the temperature of the boiling surface was calculated
using a linear extrapolation of the data collected from the axial thermocouples. To do so, the
temperature reading values were plotted against the axial distance. Then, using linear
regression analysis, an accurate linear equation (R-square > 0.997) was fitted through the data
points. Putting z=0 mm, the temperature of the surface was predicted. To calculate the HTC,
Eq. (1) was used:
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Here, Tw is the temperature of the boiling surface, and Tb is the temperature of the liquid bulk,
q is the direct applied HF, which is calculated by Eq. (2) and the Joul’s effect (Eq. (3)) as
follows:
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𝑉×𝐼

(3)

𝑞" = 𝜋𝑟 2 .

Here, z is the axial direction, V is the voltage of the heater, and I is the current. The radius of
the boiling surface is r=1.0 cm. With the insulation around the copper rod, one-dimensional
heat transfer, an equation is obtained for the temperature distribution:
T=𝛼 + 𝛽𝑧.

(4)

Since at z=0, T=Tw:
Tw=  .

(5)

Here, 𝛼 is the intercept of the line obtained with regression analysis, which can be obtained
with interactive plotting of temperature data against distance from the boiling surface at any
given AHF.
To calculate the uncertainty, the Kline-McKlintock equation [39] was employed. Considering
the uncertainty values reported in Table 1, the uncertainty value for HTC was ± 4.5%. Also, a
simple energy balance between equation 2, and the total heat generation by Joul’s effect
(Q=V×I), the heat loss of ±3.1% was obtained. The positive sign is the heat gained due to the
inaccuracy of the heater circuit, and the negative sign shows the heat loss to the environment.

Table 1. Accuracy of the sensors and measurement devices used in the present research.
Instruments

Manufacturer

Accuracy/uncertainty

Surface thermocouples

Omega

±1 K

Liquid thermo-meter

Omega

0.5% of reading value

HHF* Cartridge heater

RS components

±1 Watt

Pressure sensor

Omega

20 Pa or 1% of reading value

Multi-meter (AC voltage)

Fluk series 600V

0.1% of reading value

Multi-meter (ampere)

Fluk series 600V

0.1% of reading value

Imaging system

Casio EX-F1

1200 frame per second, 60 burst

Lighting system

HID ballast system

160 Watt, temperature: 300 K

*High Heat Flux
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To calculate the fouling thermal resistance (FTR), the following equation was utilized:
1
𝑅𝑓

=

1
ℎ(𝑡)

−

1

.

(5)

ℎ(𝑡=0)

In Eq. (5), h(t=0) is the HTC calculated for the clean surface at the initial time of the
experiment, while h(t) is the transient HTC logged for any time of the experiments.

2.4.Characterization of the nano-suspension
NSs were produced by dispersing copper oxide nanoparticles at a mean particle size of 45 nm
in water mixed with Sodium dodecyl sulfate (SDS), (CH3(CH2)11SO4Na) at 0.05% of the total
volume of the NS. This percentage value was obtained through trial and error experiments to
avoid a change in the density and other physical properties of the liquid while preventing the
formation of a foamy liquid due to the boiling experiments. Notably, the formation of the foam
liquid will affect the bubble formation and heat transfer rate due to the presence of captured
air, oxygen, or vapour in the bubbles and covering the surface with the bubbles. The NSs were
prepared at wt.%=0.025, 0.05, and 0.1%. To disperse the nanoparticles, an ultrasonic
homogenizer was used at 40 kHz and 400 Watt for up to 10 minutes to disperse the
nanoparticles uniformly and to destruct any agglomerations within the bulk of the liquid. The
sonication was limited to 10 minutes to minimize the evaporation of the liquid.
Characterization tests were conducted once the dispersion of the nanoparticles was done.
Initially, thermal conductivity (TC) of the NS was measured with KD2 pro with customized
probe suitable for thermal conductivity of < 1 W/(mK). Figure 2 represents the variation of the
thermal conductivity measured with the mass fraction of the nanoparticles at 323 to 343 K. As
shown, the TC value of the NS increased with increasing the concentration of the nanoparticles
dispersed in the base fluid. For example, at 323 K, at wt.%=0.025, k/kbf =1.03 reaching
k/kbf=1.09 at wt.%=0.1. This increase can be justified by discussing the role of the Brownian
motion and thermophoresis effects within the bulk of the liquid. For such a stagnant NS,
Brownian motion is weak, while it is becoming a strong contributor once the NS experiences
a local movement between the layers of the base fluid in the pool boiling experiments. This is
because such movements can create a group of micro-streams of nanoparticles colliding with
each other, which can transfer the heat through the conduction heat transfer mechanism, which
in turn promotes the internal heat transfer within the bulk of the base fluid. Hence, thermal
performance is expected to be increased. The maximum enhancement of thermal conductivity
8

was 13.5% observed at wt.%=0.1 and 343 K. Notably, the temperature slightly intensified the
enhancement ratio of the TC due to the intensification in the Brownian motion and
thermophoresis effect. Also, the role of NPs becomes more prominent at higher temperatures,
as represented in Fig. 2.

Figure 2. The effect of the mass fraction of the NS on the enhancement of thermal
conductivity.
A series of quality tests were conducted to evaluate the quality of the nanoparticles used in the
research. Scanning electron microscopy coupled with energy dispersive spectroscopy (EDAX)
was utilized to check the morphology and also the elemental composition of a sample of a NPs.
As can be seen in Fig. 3, the EDAX analysis reveals the elemental composition of Cu and O
with the rough composition of 68.2% and 31.8%, showing the potential formation of
Cu2O/CuO nanoparticles with uniform dispersion within the NP samples. The morphology of
the NPs is spherical, uniform. Also, the EDAX colour map reveals that there is no impurity in
the structure of the nanoparticles. No extra peaks are observed in the samples, thereby revealing
a piece of robust evidence that the NPs used in the tests are in the form of copper oxide and
pure. Notably, any impurities identified in the EDAX tests could affect the TC value of the
samples, causing a reduction in the TC.

9

Figure 3. Energy dispersive scanning electron microscopy and elemental composition
analysis of the samples obtained for a sample of copper oxide.

To stabilize the NSs, as discussed, a synthetic organic surfactant referred to as SDS was added
to the NS. Despite its positive effect on the stability of the NS, a buffer solution was made from
an acid and a base including “HCl and NaOH” at 0.1 mM. The pH of the NSs was regulated
by adding the buffer solution to the bulk of the NSs (dropwise). Table 1 represents the summary
of the stabilization procedure applied to the NSs, aiming at providing the most prolonged
stability. This is essential to ensure that the disposition of the nanoparticle will occur due to the
boiling heat transfer mechanism only not because of the instability effect or the interaction of
the gravity and particle repellent forces induced by the instability.
Table 1. The stabilizing procedure applied to the prepared NSs.
Mass fraction

stirrer

Sonication

surfactant

Stability time

Number of repeat

0.025%

15 min

10 min

0.05% by vol.

12 days

3

0.05%

15 min

10 min

0.05% by vol.

12 days

5

0.1%

15 min

15 min

0.1% by vol%

14 days

5
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2.5.Boiling surface characteristics
Figure 4 shows the microscopic image taken with a digital microscope (IDP) at a magnification
of 500x. For a back to back comparison, three parameters are defined demonstrated with the
following notations of “W”, the width of the fins, “S” the space between each two fins and “Z”,
the height of the fins. The sensitivity of the boiling thermal performance (BTP) of the system
to the geometrical properties of the surface (fins) was experimentally assessed using the
information given in Table 2. The target parameters were the BHTC and FTR, such that the
BHTC is maximized while FTR should be minimized. To produce the finned surfaces,
computerized numerical control machining (micro-milling CNC) was employed with an
accuracy of 100 µm to create the fins based on the dimensions defined with the software.

Figure 4. The microscopic images are taken from the finned boiling surface, A) image taken
from the boiling surface, B) the geometrical specifications defined for assessing the effect of
the fins.
Table 2. Geometrical specifications of the surface used in the present research.
Test tag

W value (m)

S value (m)

Z value (m)

TT#0 (plain surface)

0

0

0

TT#1

0.0001

0.001

0.001

TT#2

0.0005

0.001

0.001

TT#3

0.001

0.001

0.001

TT#4

0.001

0.0001

0.001

TT#5

0.001

0.0005

0.001

TT#6

0.001

0.001

0.001

TT#7

0.001

0.001

0.0001

TT#8

0.001

0.001

0.0005

TT#9

0.001

0.001

0.001
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3. Results and discussion
In the following section, the effect of different operating parameters and geometrical
specifications of the boiling surface on the BHTC and FTR are experimented and discussed.
Initially, the performance of the system is evaluated for water as a reference case and then is
compared to the cases with NSs.

3.1.Uniform applied heat flux
In Figure 5, the effect of the applied heat flux on the BHTC parameter is depicted for nine
different surfaces with different geometrical specifications. As can be seen, the lowest BHTC
value belonged to the surface with the smallest fins and the highest space between the fins,
while the highest BHTC value recorded for the surface with the most giant fins on the surface
with the smallest space between the fins. For example, for water (wt.%=0) and AHF=110
kW/m2, for surface TT#1, the BHTC value was 11.1 kW/(m2K) dropping to 7.9 kW/(m2K) on
the surface TT#9. The BHTC value increased to 28.7 kW/(m2K) and 20.6 on surfaces TT#1
and TT#9 at AHF=1170 kW/(m2K), respectively. This was associated with the space between
two different fins on the surface. The larger the space between the fins (TT#9), the smaller the
BHTC value. This is because for the surface with small space between the fins, the number of
fins increases, which in turn offers a larger heat transfer area and, consequently, the higher
BHTC value. It is also affected and hence attributed to the bubble formation mechanism on the
surface. For the surface with larger space (TT#9), the bubbles have sufficient space to form,
grow and cover the surface thoroughly, while departing the surface with a delay, thereby
reducing the frequency of bubble formation and hence decreasing the heat transfer and BTP
value. However, for surfaces with small distance (small S), the bubble growth is limited by the
fin walls; hence the formed bubbles depart the surface quickly with more significant frequency.
Therefore, more thermal energy is transferred from the surface towards the bulk of the liquid.
As can be seen, for pure water, the largest BHTC was 28.7 kW/(m2K) registered for the highest
AHF of 1170 kW/(m2K) on the surface TT#1, followed by 27.2 and 26.1 on the surfaces TT#2
and TT#3. It is worth mentioning that the BHTC value increased by increasing the AHF to the
surface regardless of the type of the fins. This is because, by increasing the AHF, the bubble
formation rate increases, which in turn causes the thermal boundary layer to be reconstructed
with higher frequency. This disruption in the thermal boundary layer promotes the BHTC
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value, which is following the classical theory of the boundary layer defined for a multi-phase
flow.

Figure 5. Variation of the BHTC with AHF on different surfaces with different geometrical
specifications.

3.2.Nano-suspensions on the finned surface
Experiments with NSs showed that the presence of the NPs induces different mechanisms to
the system particularly on the surface or close to the boiling micro-layer on the surface. For
NSs, results were recorded for over 1000 minutes of the operation to consider the formation of
the fouling layer of the nanoparticles on the surface. Results showed that the presence of the
fins on the surface causes a small reduction in the BHTC value while increased the FTR
parameter as well. This was attributed to the creation of a non-continual formation of the layer
of the NPs on the surface, which slightly affected the bubble formation by decreasing the
number of nucleation sites on the surface. During the transient study, the following
observations were made: Initially, the deposition spots formed, which increased the BHTC
value and decreased the FTR resulting in a negative FTR range. However, over time, the
increase in the FTR caused a reduction in the thermal performance of the system. This region
is referred to as “growth area”, which continues to the point in which the deposition of the NPs
reached an “equilibrium with the rate of the nanoparticles detaching from the surface” due to
the bubble formation. From this point onward, the BHTC reached a constant value.
13

Figure 6 shows the variation of the BHTC value measured for various NSs at wt.%=0.025 on
the surfaces with different geometrical specifications. For better understanding, an
enhancement parameter (BHTCnf / BHTCw) is defined for each surface. This parameter shows
the amount of increase or decreases in the BHTC value for each surface in the steady-state
experiments. As can be seen in Fig. 6, the largest BHTC value belongs to the surface with the
largest fins with the smallest distance between the fins, which is associated with the increase
in the number of the fins. In comparison with water, for NS at wt.%=0.025, the BHTC value is
22%-26% larger for AHF values of 100-500 kW/m2 which can be justified with the presence
of micro-scale mechanisms such as “Brownian motion” and “thermophoresis” together with
the potential increase in the number of the nucleation sites on the boiling surface due to the
temporary depositions of the NPs on the surface (at initial time of the experiments with NSs).
As can also be seen in Figs. 7 and 8, the BHTC value is promoted with increasing the
concentration of the NSs dispersed in the bulk of the base fluid. This is again attributed to the
enhancement of the thermal conductivity of the NSs discussed in Fig. 2. The highest BHTC
enhancement values were 29% and 35% for wt.%=0.05 and 0.1% on the surface TT#1.

Figure 6. Variation of the BHTC enhancement value with AHF for different boiling surfaces
and NS at wt.%=0.025.
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Figure 7. Variation of the BHTC enhancement value with the AHF for different boiling
surfaces and NS at wt.%=0.05.

Figure 8. Variation of the BHTC enhancement value with the AHF for different boiling
surfaces and NS at wt.%=0.1.
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3.3.Fouling thermal resistance
To further understand the effect of fouling formation on the boiling surface, the fouling thermal
resistance parameter was measured for two different cases, one case conducted on a plain
surface, and the other case was conducted on the surface TT#1 on which the largest BHTC was
recorded for water and NSs. Also, the NS with the highest mass fraction (wt.%=0.1) was
considered to intensify the role of fouling on the surface and to maximize the Brownian motion
and thermophoresis. As can be seen in Fig. 9, FTR showed three different regions:
1) In region I, there is no fouling layer attached to the surface. Hence the temporary
attachment of the NPs on the surface creates some potential nucleation site spots, which
intensifies the bubble formation and improves the BHTC value of the surface. However,
this, as mention, is temporary, and with time-spanning, the thickness of the fouling
layer increases, causing a non-continual fouling layer on the surface.
2) In region II, by forming the non-continual fouling layer on the boiling surface, the
bubble formation rate is strongly influenced such that the suppression of the bubble
formation decreases the BHTC, while increasing the FTR. However, the presence of
the fins hinders the fouling layer to create a continual and uniform fouling layer.
Therefore, the BHTC decreases suddenly reach a flat trend.
3) In region III, an equilibrium state between the rate of the fouling formation and
separation of the particles from the fouling reaches an equilibrium such that the BHTC
becomes independent from the fouling behaviour. Thanks to the fins, this equilibrium
point is stable until experiments end after 1000 minutes of the operation.
For the plain surface, as can be seen, in region II, the fouling thermal resistance continuously
increases, showing a robust asymptotic behaviour in comparison with the trend observed for
the surface with fins. As observed, for all points, the FTR value is higher than those recorded
for the TT#1. Hence, the role of the fins can clearly be understood. The order of increase in
FTR for a plain surface is almost four times larger than those of recorded for the surface with
fins.
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Figure 9. The variation of the FTR value with time for a plain surface and surface TT#1 for
NS at wt.%=0.1.

3.4.Bubble formation
A visualization study was conducted to evaluate the formation of the bubbles on the plain and
the finned surface (TT#1). As can be seen, the bubbles forming on the plain surface are merged
and by increasing the heat flux, the bubble coalescence and merging phenomenon are more
intensified. However, the bubble formation on the finned surface is discrete, and the boundary
between the bubbles is clearly seen. Bubbles are spherical, and bubble coalescence occurs
above the boiling surface. This, in turn, keeps the heat transfer surface free at all times, while
for the plain surface, the surface is partially and at AHF close to the CHF of water (1170
kW/m2) completely covered with the bubbles. The presence of the vapor inside the bubbles
insulates the surface against heat transfer and accumulates heat on the surface, which decreases
the BHTC value. Hence, the presence of the fins can potentially create discrete bubbles, which
is a plausible phenomenon for heat transfer due to the vast area available to this end.
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Figure 10. Bubble formation from the plain surface and surface TT#1 at a) AHF=790
kW/m2, B) 1100 kW/m2.
Also, the behaviour of the bubble formation was relatively the same on the CHF point, thereby
concluding the fins have no significant influence on the CHF point.

4. Conclusions
In the present work, an attempt was made to understand the effect of the fins developed on the
boiling surfaces on the BHTC and FTR values, and the following main conclusions were
drawn:
1) The AHF increased the rate of the bubble formation, thereby increasing the BHTC
value due to the renewal of the thermal boundary layer. The thermal boundary layer is
refreshed each time a bubble departs the boiling surface. The higher the AHF value, the
higher the BHTC value recorded regardless of the type and concentration of the
nanoparticles. Also, by increasing the concentration of the nanoparticles, the TC value,
Brownian motion, and thermophoresis effects increase within the bulk of the NS.
2) It was identified that the BHTC value was the lowest on the surface with the smaller
fins and the most significant space between fins. It was attributed to the reduction in
the number of the fins available on the surface with larger space between fins. However,
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the highest BHTC was registered for the surface with the largest fins and the smallest
space between the developed fins.
3) Bubble formation was influenced by the specifications of the surface such that for fins
with large space, the bubbles were large, and hence the boiling surface was covered
with large bubbles resulting in a reduction in BHTC value.
4) Fins hindered the continual fouling formation such that in comparison with the plain
surface, the FTR values for the finned surface were ~3 times smaller than those of
recorded for the plain surface. The height of the fins hindered the continual formation
of the fouling layer on the surface.
Overall, by developing fins on the boiling, the fouling formation can be suppressed. Hence,
modifying the boiling surface showed a promising option to control and mitigate the fouling
effect. However, computational dynamic modelling is required to optimize the size of the fins
and concentration of the NS as well as aiming at maximizing the BHTC value.
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